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By Thaine W. Reynolds and J. Howard Childs

SUMMARY

A comparison of the theoretical performance of reverse-feed and

porous-tungsten cesium ion engines is made considering (i) power effi-

ciency, (2) propellant utilization efficiency, (5) current densities,

(4) emitter temperature, and (5) charge exchange, at specific-impulse

levels of 5000 to i0,000 seconds.

The porous-tungsten engine becomes better as the pore size becomes

smaller and the fractional open area increases. For small pore size (i

to 2 microns), the porous-tungsten engine has better propellant utiliza-

tion efficiency Lhan the reverse-feed engine. Charge exchange currents

are lower for the porous-tungsten engine at low power efficiencies. At

higher power efficiencies_ however_ the charge exchange currents are

comparable for the two engine types.

Higher power efficiency can be attained with the reverse-feed engine

for any given level of current density_ or the same power efficiency can

be attained at lower current density levels with the reverse-feed system

than with the porous-tungsten engine. If porous-tungsten engines can be

operated at extremely high values of current density so as to achieve

high power efficiencies_ then the propellant utilization efficiency de-

creases_ and in some cases becomes comparable with the utilization effi-

ciency of the reverse-feed engines.

INq_RODUCTION

Because of the capabilities of electric propulsion for space flight,

there is currently considerable effort going into the research and devel-

opment of electric propulsion devices. One class of such devices is the

electrostatic ion engine which employs contact ionization of the propel-

lant on a heated surface %o produce the ions. There are essentially two

types of engines employing contact ionization which have been investi-

gated to date (ref. I). These have been classified according to the
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manner or direction in which the propellant is introduced onto the
ionizing surface. In the reverse-feed system, the propellant is fed
back toward the surface_ opposite to the direction of the main ion
stream; in the through-feed system, the propellant feed flow is from
behind the surface_ through the porous structure of the ionizing surface
material. For the latter type_ the almost universal choice has been a
porous-tungsten structure madefrom sintered powder.

The purpose of the present report is to present results of perform-
ance analyses of both reverse-feed and porous-tungsten ion engines using
Lungsten as the surface and cesium as the propellant.

Characteristics of the reverse-feed ion engine are presented in ref-
erence 2, wherein the details of the assumptions and calculations are
included. These performance characteristics include the flux patterns
onto the ionizing surface, propellant efficiency, power efficiency, and
the extent to which the ion current will engage in charge exchangere-
actions with incoming neutrals.

Analysis of the porous-tungsten ion engine is presented in refer-
ence 3, wherein the desired pore size for such a purpose is shownto be
approximately i micron. With pores muchabove this size, the loss of
neutral atoms becomeslarge and temperature requirements for the emitter
becomegreat. Preparation of a porous structure with pores smaller than
i micron that will retain its permeability at the required temperature
levels has not yet been demonstrated. It was also shownthat emittance
values of the porous surfaces did not reach the low emissivity values of
polished tungsten. The word "emittance" is used here to differentiate
between an unpolished surface and a polished surface.

The present report_ then, draws upon the conclusions of references
2 and 3 to comparethe performance at specific-impulse levels of 3000
to i0,000 seconds of the reverse-feed and porous-tungsten ion engines
as to (i) power efficiency, (2) propellant utilization efficiencies,
(5) current densities, (4) emitter temperature requirements, and (S) the
amount of charge exchange occurring.

I
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DESCRIPTION OF ENGINES AND ASSUMPTIONS

The engine models upon which the comparison in this report is based

are shown in figure i. Figure l(a) shows the reverse-feed system. Ces-

ium propellant is fed onto the ionizing surface through slots in the

feed tubes located a distance h downstream from the emitter. As shown

in reference 2, the performance of this type of engine varies with, and

may be characterized by, the ratio of this distance h to the width of

the emitter WE . The ratio h/W_ is one of the parameters used herein.
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The ions formed at the emi%ter are accelerated to the desired specific

impulse by the accelerate<tEcelerate electrode system of total spacing

L from the emitter.

On the basis of the calculations of reference 2, reverse-feed

engines selected for comparison in this report assume a ratio of feed

distance to emitter width h/W E from 0.5 to 0.S. The propellant issu-

ing from the feed slot is assumed to spread following a sixth-power co-

sine i_.

In figure l(b) is shown a through-feed system employing a porous-

tungsten ionizer. Here th__ cesium propellant must pass through the

thickness of porous mater_al tE to reach the ionizing surface. As

discussed in reference S, the important parameters characterizing the

performance of the porous-tungsten ionizer are the pore size and the

fraction of the total cross section which is open to flow and effective

for surface ionization. T,_o sources are discussed from which ion cur-

rent might be obtained from porous tungsten: the downstream surface

after diffusion across the surf_ce, and the distributed charge inside

the pore at the exit plane. The magnitude of the possible current by

<he lat_er source would depend upon the extent that the applied field

could penetrate into the ]:ores. Since this penetration has not been

determined_ but is expected to be small_ the possible current from this

source has not been inel_ded in the present analysis, lon current from

surface diffusion only _s a:_sumed.

Fractional free cross sections f of 0.i and 0.2 and pore diameters

of i and 2 microns are assumed for the porous tungsten engines used for

comparison. These m_bers represent reasonable ranges of values to be

anticipated based on current Experience.

POWER EFFICIENCY

The main power loss in a contact ion engine PR is the power

radiated by the hot surface. This loss depends on the emitter tempera-
ture and the thermal emittance of the hot surface:

Ion beam power PB

_p Ion beam power + Radiated power PB + PR

"_Ip=

i

i +
JavV \i-_7



(Symbols are defined and a consistent set of units is given in the ap-
pendix.) The temperature to which the surface must be heated TE to
attain high ionization efficiency depends on the current density desired
from the surface. Whenthe current density is nonuniform over the sur-
face, as is the case with both the reverse-feed and porous emitter
engines_ the emitter temperature is determined by the maximumcurrent
density encountered rather than by the average current density.

As discussed in reference _ the power efficiency for a surface with
nonuniform current density distribution is related to the power effi-
ciency for uniform flux by the relation

"qp Jav/Jmax

_P,O Jay +i

This relation applies for surfaces at the sameemitter temperature.

The power efficiencies for the porous-tungsten engines, calculated
as outlined in reference _, are shownin figure 2 for a specific impulse
of 5000 seconds. Figure 2(a) is for a porous-tungsten structure with
i0 percent fractional open area, and figure 2(b) is for one with 20 per-
cent open area. In the calculation of the power efficiency for the
porous-tungsten engines, a surface emittance value equal to twice the
emissivity of polished tungsten at the sametemperature was used
(ref. 5). As noted in figure 2, for any given current density the po_er
efficiency increases as the pore size decreases and the fractional open
area of the porous tungsten increases.

For power effic_iency at specific-impulse values other than 5000
seconds_ the following relation is applicable:

_p=
1 ÷

i

5000 2 1

!

where _p is the efficiency at 5000 seconds impulse. This relation is

plotted in figure 5 for convenience.

k_
!

(N

0

CHARGE EXCHANGE

Ions leaving the emitter are accelerated to the desired final ve-

locity through the accelerate-decelerate electrode system of the engine.



S

D
O
O

!

During this travel_ the ions pass through surrounding neutral cesium

atoms. In the case of the reverse-feed engine_ the ions pass through

the neutral cesium feed. In the porous-tungsten engine, the neutral

cesium density results from the inefficiency of the ionizing source in

producing ions. During the travel some of the ions will engage in charge

exchanging reactions with the neutral cesium atoms. Since the result of

charge-exchange reactions in this case will be ions having improper ion

optics, the amount of the charge exchange current which occurs within

the electrode system is expected to be related to the amount of ion im-

pingement on the accelerator electrodes. This ion impingement causes
accelerator electrode erosion and leads to shortened electrode life.

The charge exchange encountered, then, is expected to relate directly

to the electrode lifetime.

The fraction of the ion current leaving the emitter which engages

in charge exchange reaction, s is

Js

.----= CcnoL
Jay

where cc is the charge exchange cross section, p© is the neutral

cesium density, Js is the secondary ion current produced, and Jav

the average primary ion current density.

is

For the charge exchange calculations presented herein, a constant

oc of IXIO -18 square meter was used for cesium as in reference 2. It

is shown in reference 2 for a typical case that, by using theoretical

velocity-dependent values of Sc through the accelerator region, the

total charge exchange was reduced to about one-half the value obtained

using oc = IXIO -18 square meter. Inasmuch as experimental values of

oc for cesium are not yet available, it was felt sufficient to make

comparisons of performance using the constant 0c value.

The calculations of charge exchange current density ratio Js/Jav

for the reverse-feed engine are presented in reference 2. For the

porous-tungsten engine, values of Js/Jav are calculated as follows.

The neutral atom density is

nO = fnnp

where f is the ratio of neutral to charged emitted particle density.
n

Values of fn are given in reference S. The ion density at the emitter

np is given by the relation



n

P

Jav

-19)

where v is the mean particle velocity at the emit ber temperature

_ 8kTE/×ml_. Thus,

Js °cLfnJav

Jay (--_-)(1.6XlO -l_j )

A value of L = 2 millimeters was used, the same as for the reverse-

feed engine.

Values of is/jay for both porous-tungsten and reverse-feed engines

are shown in figure 4 as a function of Jay" Charge exchange currents

are considerably lower for the porous-tungsten engine over the range of

conditions shown in figure 4.

!
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COMI_ARISON OF PERFORMANCE

The calculated performance of both the reverse-feed and porous-

tungsten cesium ion engines is shown in figures 5 to 9.

Figure 5 shows the emitter temperature requirement as a function

of the desired average current density. The ideal emitter_ since it

has uniform coverage and therefore uniform current density over the

surface, requi_es the lowest emitter temperature. The reverse-feed

engines with h/W E in the range 0.3 to 0.5 require slightly h_gher tem-

peratures, reflecting a moderate nonuniformity in current density dis-

tribution. The porous-tungsten engine requires the highest emitter tem-

perature. As the pore size increases or the fractional open area de-

creases, the required emitter critical temperature increases. These high

emitter temperature requirements reflect directly the large surface con-

centration gradients and, hence_ current density variations across the

surface of porous-tungsten engines of large pore size.

If for any point on a curve of figure 5 one reads the corresponding

current density on the ideal curve at the same temperature, this current

density for the ideal emitter is also the maximum current density en-

countered on the emitter for the actual engine.

Figures 6 to 9 show the various parameters compared on the common

basis of power efficiency at four levels of specific impulse. Figure 6

is a plot of average current density against power efficiency. The
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reverse-feed engine shows higher power eff. ciency at all average current

iensity levels of interest. This higher power efficiency for the

reverse-feed engine is a result of (a) the lower emittance values as-

sociate'_ wi_h the nor_porou_s tungsten surfaces and (b) the more uniform

current distribution from the surface with its accompanying lower emitter

temperature requirement.

These latter features are sho_n more striRingly in figure 7, which

shows the maximum current lensity and critical emitter temperature as a

function of power effic:ie_icy for both engines. The analysis for the

porous bungsten ion engines was not continued below about iSO0 ° K, but

it may be noted (e.g., fig. 5) that for the smaller pore sizes of inter-

est (I to 2 microns) the critical temperature requirements are apioroach-

ing those of the ideal emitter as the current density requirement is

lowered. The power efficiencies in figure 7 for the porous-tungsten

engine will still be lower than those for the reverse-feed engine at low

current densities, however, because of the higher emittance of the

porous-tungsten surface.

It is apparent in these figures that the relative performance does

not change with specific impulse, but of course the efficiency level

increases as specific impulse is raised.

Comparison of the two engine types on the basis of charge exchange

currents is sh_{n in figure 8. The porous-tungsten engine has lower

charse exchange currents than the reverse-feed e_gine over the range of

conditions included in this comparison. If o_eration at or below a

given level of js/Jav were desired, for instance, higher power effi-

ciency would be attained with the porous-tungsten engine, as long as the

small pore size remained suitable. Charge exchange current increases

more rapidly with power efficiency for the porous-tungsten engine, and

it might be noted that, if the higher levels of power efficiency were

the required operating cor_ditions, the charge exchange currents might be

of comparable values. The curves for the porous-tungsten engine in

figure 8 were not extended to higher power effJciencies because of the

extremely high values of current density that would be required. It

might be impossible to operate a porous-tungsten engine under such re-

quirements.

The propellant utilization efficiencies are shown in figure 9 as a

function of power efficie_cy. _he porous-tungsten engine has better

propellant utilization as long as the comparison is confined to the small

pore sizes as shown here (i to 8 microns) and to lower power efficien-

cies. In the small pore range the propellant utilization efficiency ap-

proaches the equilibrium ionization efficiency for the cesium-tungsten

system, as given by the Saha-Langmuir relation. The reverse-feed engine

has reduced propellant utilization efficiency due to the propellant that

does not reach the emitter initially because of the spread of the cesium



feed from the injector or because of 2.o_ of the feed from charge ex-

change with the ion beam. The propellant fl_ix distribution for the

reverse-feed engine was assumed to be that attained with apertures con-

sisting of narrow slots. If better propellant feed systems can be de-

veloped, the propellant utilization efficieI1cy for the reverse-feed

engine can be increased over values shown in figure 9.

SIIMMARY OF RESULTS

Calculations of the performance of reverse-feed and porous-_ungsten

cesium ion engines gave the following results:

i. The performance of porous-tungsten engines becomes better (power

efficiency and propellant utilization efficiency increase, and charge

exchange currents decrease) as the pore size becomes smaller and the

fractional open area increases. Emitters with pore diameters of i mi-

cron or less and fractional open areas greater than 20 percent have

neither been tested in high-performance ion engines nor checked for

sintering at long times at high operating temperature.

The subsequent comments on porous tungsten are restricted to pore

sizes in the i- to 2-micron-diameter range. These values; it should be

noted, are more favorable than is characteristic of most material in

present use.

2. The porous-tungsten engine is better than the reverse-feed engine

on the basis of propellant utilization efficiency or charge exchange cur-

rent at low and intermediate values of power efficiency. At high power

efficiencies, however, the charge exchange currents are comparable for

the two engines. At extremely high power efficiencies the propellant

utilization efficiency of the porous-tungsten engine decreases and in

some cases approaches the values for the reverse-feed engine.

S. Higher power efficiency can be attained with the reverse-feed

engine for any given level of current density, or the same power effi-

ciency can be attained at lower current density levels with the reverse-

feed system than with the porous-tungsten engine.

_. The required emitter temperature is always higher for the porous-

tungsten engine than for the reverse-feed engine. At the higher power

efficiencies the difference in emitter temperatures is increased.

t_
!
F-_

O_
0

Lewis Research Center

National Aeronautics and Space Administration

Cleveland, Ohio, September 18, 1961
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APPENDIX - SYMBOLS

(Units of the rationalized mks system are used.)

fractional free cross section, dimensionless

ratio of neutral to charged particle emitted density, dimension-

less

distance of feed injector hole from emitter face, m

specific impulse, sec

average current density_ amp/m 2

maximum current density_ amp/m £

secondary current density from charge exchange, amp/m 2

Boitzmann constant, joules/°K

length of accelerate-decelerate electrode system, m

particle mass, kg

charged particle density, m -S

neutral particle density, m -S

ion beam power, w

p_{er radiated by _ot emitter surface, w

emitter temperature, OK

total voltage drop of accelerate-decelerate system, v

arithmetic mean particle velocity, m/sec

emitter width, m

surface emittance_ dimensionless

power efficiency, dimensionless

power efficiency a% specific impulse of SO00 sec, dimensionless
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_lp_o

'1% c

CTC

power efficiency of ideal emitter with uniform current density,

dimensionless

propellant utilization efficiency corrected for charge exchange,

dimensionless

charge exchange cross section_ m 2

REFERENCES

i. Mickelsen, William R.: Electric Propulsion for Space Flight.

Aero/Space Eng., vol. 19, no. ii, Nov. 1960, pp. 6-ii_ $6.

2. Childs, J. Howard: Theoretical Performance of Reverse-Feed Cesium

ion Engines. NASA TN D-876, 1961.

S. Reynolds, Thaine W., and Kreps, Lawrence W.: Gas Flow, Emittance,

and lon Current Capabilities of Porous Tungsten. NASA TN D-871,

1961.

4. Reynolds, Thaine W., and Childs, J. Howard: A Graphical Method for

Estimating lon-Rocket Performance. NASA TN D-466, 1960.

!
P

Ob
0



o
_o

!

Accelerator

\ _Decelerator

I_itteru \ \

[ _ . ._ k F-Pr°pellant

Ii

(a) Reverse feed.

Propellant

feed

r_ _Accelerator

-_tE_fecelerator

Ions

Atoms

Porous emitter

(b) Porous tungsten.

Figure ]. - Engine configurations.



12

,%

,<

i.O,O00[

, OOC

, OOC

2 ; OOC

!, 00£

OC

!OC

0

<0

_0

2O

10

/
/

,100 _00 1100 1000

1400 iS00 !600

Temperature, TE, OK

(a) Frac!ional f'ree cross seclicn, 0.I.

Pore di_meberj

microns

I

2.000 4000 (000

i I I

1700

!0 _ 000

I
ISO0

L_
I

O_

0

Figure 2. - Power efficiency of gorous-tuugsben engines. Specific im]?ulse, 5000 seconds.



15

O
_O

!

]0,000

....,000

:,000

:,000,

6O

0

1 I

1500

Figure _. - Concluded.

SO00 seconds.

1:000

M_ximI_ q _rrent c!ensity_ ,3mc_X_ _l-u_} 'm2

1 , 1 , I
]'-00 1SOO 1._ O0

TeIrLper_ti_re; TE_ °K

(b Fracti._m_l free cross sectiou_ O._.

Power effi'iency of porous-tungs<en engines.

_000 ,000 ]0,000

1700 i;00

Specific im}u]se_



14

1.0

.S

0

.H
0

0

.4

.2

0

Specific /

impulsej / /

Is, /sec /

i0,000 / /

,//,j//

/7 / /
/ /  ,ooo//

/

/

J

/

/

.2 .4 .6 .8

Power efficiency at Is = 5000 sec_ _5

/

Figure 3. - Variation of power efficiency with specific

i

_m_so_= _oooV_-_>_

/

1.0

t_
!

O_

(D
0



15

o
co

a
I

b
_J

,r_

4O
"H

G]

40

eD

h

t_

h
GJ
b

0
4m

40

©

o

©

GJ

0

0

40

.04

.O2

.Ol

.009

.OOC

.005

.002

.001

.0008

.O00C

.0004

.0002

.0001

.00008

.00006

.00004

.00002

Reverse feed

,j
q _ f

.<; I--

q

/
I

m

I I I IIIll
-- of feed distance---

to emitter width_

h/wE

0.5
/I l
,.z

.t

I

diameter,
microns

_"i_00

i<, /
/

Z i_ oo I
I

_--1 / Porous] ,tungsten.

I
i{_00 ,

f

' t/

10 20 40 <;0 ,0 100 200 400 _00 :'00 1000

Average current densityj Jay, amp/m2

(a) Fractional free cross section, 0.i.

2000

Figure _-. - Charge exchange current density.



16

b

.r::,

_o
.4

+)

0

bD

b

0
4o

_0

X

hO

0

o

o

.01

.008

,006

.0O%

.002

.001

.0008

.0006

.000,$

.0002

.0001

.00008

.00006

Reverse feed

Ratio of feed distance

to emitter w±dth,

h,/W_

Pore diameter,

microns
I

8 6--

1700

Porous tungsten

_erature

o K

I

oq
o_
0

.OO004

i0 20 40 60 80 i00 200 400 GO0 800 i000

Average current density_ amp/m 2

(b) Fractional free cross section, 0.2.

Figure &. - Concluded. Charge exchange current density.

2000



F

17

o
_o

!

4
'I)

P

O
h

O

>
<

l,O00

900

600

400

20C

lOC

Fractional free--

cross section

0.2

.i

Ratio of feed distance

to emitter width_

h/%
t

1/

2O

Reverse feed /
C

/ _Pore dis_meter

microns

/

deal emitter

/

/

Porous tungsten

i0
IZO0 i_00 l_O0 1500 i(00 ]/00 ] O0

Temperat Lre, OK

Figure S. - VariatLon of average current densit.v with emilter _mk,er.nl.::rc.



18

k4
i

F-_
0,1

Ob
0

0
0
0

0 0 0 0
0 0 0 0

Z_/d_ rX%Teu_p %ueazno eB_a_AV



19

O
<O

h3

>.)

-i i i

o O
h

I
-- I I-

Ii

I I I
O O O
O O O
cO <D

\\\
\,

I!

\ \\

\ \ ,
,,X

\ \

\

!

\\

\ \
\

I
O O O O O
O O c_'J <O

Era�din- _ c.<_- _X%Tsue p %ue_n0 sB_gAV

o
(',3

@ 0 +)
• _ +_ 'r_

• r_ _ +_

HD

©

o

q_
6)

©

4_

o

h

b

_ 4_
0

©

ta _

O
O ©
O .H

_ t

._ o_
,o

rfl 4_

_ .r4

C _

0.)

4_

O
C9

I

CO

g
._



2O

_o
.4

P

@

o

bD

8OO

600

60C

20C

IOC

80

E,O

4O

Fractional free

cross section

/

Pore diameter_

microns

0.2

.i

--I

2

/

//

/

/

Porous tungsten / /

/ Z/
/ /. /

f<" /

///
z J/Ratio of feed distance

/

,/ /

f

" //

///

/,/
/,/

//

¢/
Reverse feed

to emitter width_h/%

I

C_

o

.6 .5 .6 .7

Power efficiency, _p

.8 .9 1.0

(c) Specific impulse, 7000 seconds.

Figure 6. - Continued. Variation of power efficiency with average

current density.



21

o

I

,,00

,:00

t O0

2OO

iOC

8C

d,C
Fh

I

ml

o

.5
%
%

_ 2o

_0
%
©

10

Pore diameter_

Fractional free

cross section

0.2

.i

Porous

/

-Ratio of feed

distance to

--emitter width/--

h/w_

0.3

__.4

.5

/

L
1

, /

! .j

3 •4 •5

///_ o.o=o
//

feed

G ,7

Power efficiency_ _p

microns

2

I

/,
//

/

]_ __

//
/!/'

/

9 .9 !. 0

(d) SpEcific impulse, i0,000 seconds.

Figure Q. - Concluded. Variation of power efficiency with average current density.



22

._

©

4-

(D

:#

,el
N

i0_ 000

8,000

iC,j 000

4_000

2,000

1,000

BOO

600

_00

200

i00

SO

6O

_C

/
/
/

/

/

/
/

/

/ re di_eter,microns /

,_ /
/

//
rous// tungsten

y ,!

// /

, /

/' /

// emitt_idth< /p/

__/ Fraction_ free

/p/ cross O.2secti°n

/ .z

.5 .4 .5 .6 .7 .8

Power efficiency_ _p

(a) Specific impulse, 5000 seconds.

Figure 7. - Variation of maximum current density and emitter

temperature with power efficiency.

1750

1700

1650

L500

IAO0

o

i
H
(_
O_
0



25

o
<o
_D

I

i0,000

!,000

6,000

4,000

2,000

1,000

900

"_ 600

400

.! 200

N

ioo

[_,0

CO

4O

2O

i0
.3

/
/

Pore

Porous

dis/neterj

microns

/
/
/
/
/

/
/

/ j
/ /

/ /
/

l"mgsten/ i

/
/

/
/

/

/
/

/
/

!

/
/

/

J

/
/

/

/

/

/
/

/
/

// //
Ratio of feed _--_///

-- e_t_anceidth,/¢ //¢

o._/ff
.,_
.S

/
/

/

/ /
!

/ /
I

/
!

/

/

/
!

l, //
/

/ _Reverse feed

M
/

Fractional free

cross section _

0.2

.!

.4 .o .!< .7 ._

Power e'ficiency, rb_

(b) S]Tccific _mpulse, 5000 seconds.

Figure 7. - Continued. Vari,ltion of ma:<im_mr_current density and

cmi!,ter temperature with power efficiency.

1.0

] ,:'00

17:_0

1700

!_:,50

1<00

1400

1500

o

J



26

Z
4_

40

g

H

lOOO i

800 i

l

COO L

2OO

IOC

O,C

£C

lC

"4

Pore diamet er_

microns

Porous tup_sten

/
/

/

/
/

/

/
/

/ /
/

/ / ,
/ /

z/

/
/

i

/

/

/
/
/
/

/

/
!

/
!

/
/

/

/
, //

/I

<

Reverse feed

, / /

/ /

_Jeed

distance to

emitter width_

h/%

Fractional free--

cross section

_-- 0.2

.I

1 I
.,$ .S .i .7 .9

Power efficiency, _p

(e) Specific impulse, 7000 seconds.

Figure 7. - Continued. Variation of m_<imum current density and

emitber temperatL_re with power efficiency.

•9

i 15,0

L 4O0

o

+:,

p_

g
+_

f_

bJ
i

04
o]
o



25

o
<o

H

E
.<m

,H

r_

©

.H

1000 --.

O0 --

_00--

bOO

20C

!OC

F'O

(}C

4C

2C

1C

• 4

/
Fracl ional free

cross section __

0.2 -,

.i

Po_'_ diam_ ter_

.9

'_i CrQU_E

i

i 2/

/
/

/
/
/
/

i/
/

/
/
/
/

/

/
i/

.5

/
/

, •7 .8

Power efficiency_ hp

(d) Sp _cific hr.pulse, i0,000 seconds.

!

/

/

/

I

I
I

I

Figure 7. - Concluded. Va_'iation of maxim_m current density and

emi tier " _tems er_._:.r.,with power efficiency.

1.0

-- i}00

--15_0

-- 1500

!$FO

140O

-- 1350

-- i_00

1250

1200

o

6

@

E
@
_o

@

4D

?



26

>

.H

©

h

(o
hO

_J

o
+o

+_

_N

h

o

@
bO

@

hO
h

o

o

o

•04

.O2

.oi

.008

.ooc

.oo4

.oo2

.ooi

.0008

.ooo6

.0004

.0002

•ooo
.3

I I
Fractional free

cross section

0.2

.i

Ratio of feed

distance to

--emitter width, /

h/W_ //

o,_/z5
.__
.5

/

/
/2

/
/

/

I

//
i

//

t
!

2/
/

/ /

//
,/

//
/

!

/

Reverse fe_//

/ /

// /
z/ ,/
/ /

/ ,
/i1

!

/
/

/
!

/

1
Pore diameter,

microns

Porous tungsten

.5 .6

Power efficiency, Np

/
!

/

.8

(a) Specific impulse, 5000 seconds.

Figure 8. - Variation of charge exchange currents with

power efficiency.

I

H
C_
O_
0



z7

O
CO

50

I

£

G)

+)

O

G)
bO

©
b
_J

0

>=

©

+_

O

¢9

0
X

G)
b_

q_
0

0

.0002

.0001_

Fractional free

cross section

0.Z

.i

Reverse feed

Ratio of feed

distance to

mmitter width_

h/W_

!

/
!

Pore diameter_ /

microns __/

/2

/
/
Z

.4

2 !

/ /

/
5 .6

/
I

/ Porous tungsten

t
7 .8

T

Power efficiency_ rip

(b) Specific impulse, SO00 seconds.

Figure 8. - Continued. Variation of charge exchange currents

with power efficiency.



28

b

<<

+0

4
©

©

o

o

o
:>

o
-p

.r4

09
,'d

+_

o

o

0
b_

cU

o
0_
0

0
hO

d

¢3

0

0
..--I
4_
c_

.01

•OOS --

• 006 --

Fractional free__

cross section

0.2

.i

.OO4

.002

.001

.0008

.0006

.0004

.0002

.0001

.00008

.00006

Reverse feed //

/ /
Ratio of feed / //

<jdistance to

emitter h/WE width_ /_

// /j
I /

,//

/ ,///

/._ '/ /
/ // /

J� J/ // /
Pore diameterj / ] ,

m_,ons/ // /
!

/
/

/

/ 2/
2/ /

1

/

/
I

Porous

I

/
I

• 5 .6 .7 .8 .9

Power efficiency, _p

(c) Specific impulse, 7000 seconds.

J

/
I

/
I

/

tungsten

1.0

Figure 8. - Continued. Variation of charge exchange currents with power

efficiency.

!

o
a
C



29

o
_D
_D

I b

t_

£
4o
.4

0

h
m
©

©
bD

CO
>

0
4m

4o
.4

4o

_J

o

¢)

_0

o

©

©

M

o

0

0
.4
4_

• 006.

,004 l

•00_

•001

.O00E

.000]

.O00C

Fractional free

cross section --

0.2

.i

Ratio of feed

distance to

emitter width,

h/W E

3

I

Reverse feed

I

!

1

/ /
i

.4

Pore diameter

microns 2

•6 .7

Po_er efficiency_ Ep

Porous tungsten

.8 .9 1.0

(d) SpecifLc impulse, i0,000 seconds.

Figure 9. - Concluded. Variation of charge exchange currents with power

effi ci ency.



3O

b

o
_

-_g _-
_ rn °o S

•r-t _
4-_ m

_ O

- II-
- ii

I

_2

4_

o I

!
I

/.. !
° /4_ I

4-_

"1//
o

o

f

II

iI
t

I
I

I

O

/

t,o

i

/'
©

©
m
%

_ t.D

_ 2
i1) o

rH o
o C ___

o 4.._ -i_
•,4 m p

o_

co

D

£
o

©
.,-I

LO
• "rl

o

o.1
co •

uoy%_zYI$%n %u_II_dOaK

5Q

o
o
42
[fl

0
0
0
I'D

.r-I

or'#
q-t

(1)

r._

o

.C
40

o

(D

o
.r4
c_

(D

0

_0

.r4

(D

0

0

0

+_
_d

• ¢1)
O_ .r-t

O
_0 -r--t

bl? _
.r-4

k_
I

_-,
Q4
G_
0



5].

o
co
br)
,-t

I

@
oJ

o
rH ._

_ m
o
•H _

c, lr-t

6"

/
I

/
I

I

" I/,
_ II,

_o ,/I
0 r--
.,_ I II

o

[,'
I!

° /4a
m

-o

_ r

0

/

0

r_

o rn k r,£ouaTo]:}:}:a

u° -T#_Z $T .Tq-n Cl-_ TTa c]:o,_c]:

o

,D

o
.,-{

,1)

o

cU

"d ._1

O _
c)

m _

(2) 00

©

m

_ O

._
o 4-)

(D

, e)

_ O
•_ .r-4
+_ _

r.D
%

N
• O

O_ _

% -O

_N



32

0

A

Q]

o /

o

o

ea

i oJ _3

o

o

/o

° /
o

- _ -l_ol J
o _ _
•H m

o o _ 4°
_ ._
o _.H

_ .r-'t
o H o

- iI-.o2 -
4._ 4._
c6

i

J

co

(D

(1) o

_ t_- .,-4

(D -H

flJ

0

CO

If)

CO •

°cnk _£0UaTOT$$m

<J

o
.r_

Q]

O

40
_d
[q

rJ
<_ .H

40
O
o
(D {o

o _O
O o

©

r_

o

.H
o 4 _

•H _3

o N

m A
• e)

_ _._
•r-t .r-t
--P _1

r_)
%

! (1)
N

• ©

b_N
.r't

m
I

O





3F

53

©

h_
l-t

I

g_q

i:1)

o
CH .H

_ m
©

•r-i r_

O O
0J gt

©
4_

•H .!

o

ca,-1

(5

//
/oa// ,

? I

/
©

-ta

O

__O
P-I

O
__O

4-)
.H q:::::l

__ _q::::l .H

® S
_+_,_

__ +_

o

+_ 4_

q_

(1)

®

O

A

O

.H
P-- O

• .H

_H
6H
co

O

O
P_

E0

tO

O

A
Oh CO °

o crib. C£oua!oij:5 o

CO

o
o
@

O
o
o

o
H

®
cQ

O

_H
.r-t
O
(1)

CO

_d

O

@
.H
o

.H
CH
_H

O
.H
-t_
C6
L'q

.H

.H
_D

_L_

C6
H
H
®
P-I
O

P_

_H
O

O
"H

"H

¢;
b-

(1)

,-t
o

o
(D

i

o_

£D

b0

C)

.H
C)

.H
CH
CH

o
P_

xS
4D
.H
*

NASA-Langley, 1962 E-1560


